Background: At present there is no simple, accurate blood test that may be used to determine the severity of stroke or to predict mortality and morbidity in stroke patients presenting to emergency departments. Methods: Patients with stroke-like symptoms who presented to an emergency department of a university hospital in Hong Kong were recruited for the study. DNA extracted from patients' plasma was analyzed for the ␤-globin gene with a fluorescent-based PCR test. The primary outcome measures were in-hospital and 6-month mortality and morbidity using the post-stroke modified Rankin Score. Results: Among the 88 consecutive patients recruited to the study, 70 (80%) had ischemic stroke, 11 (13%) had intracerebral hemorrhage, and 7 (8%) had transient ischemic attacks. Median plasma DNA concentrations taken within 3 h of symptom onset were higher in patients who died compared with those who survived at discharge (6205 vs 1334 kilogenome-equivalents/L; P ‫؍‬ 0.03). Among patients with NIH Stroke Scale scores >8, median plasma DNA concentrations were higher in patients who died compared with those who survived to 6 months (2273 vs 968 kilogenome-equivalents/L; P ‫؍‬ 0.002). Plasma DNA concentrations correlated with the volume of cerebral hematoma (r ‫؍‬ 0.66; P ‫؍‬ 0.03). Plasma DNA concentrations >1400 kilogenome-equivalents/L had a sensitivity of 100% and a specificity of 74.4% for predicting hospital mortality after stroke, and the area under the ROC curve was 0.89 (95% confidence interval, 0.80 -0.94). The adjusted odds ratio for plasma DNA concentrations predicting 6-month mortality was
Stroke ranked as the second leading cause of all deaths worldwide in 1990, accounting for 4.4 million victims (1 ) , and is also currently the leading cause of brain injury in adults (2 ) . Preventive strategies have led to a decrease in the rate of stroke attack and death, but these improvements have been offset in part by the growth of an aging population such that by the year 2020, stroke is likely to maintain its ranking as the second leading cause of global mortality (3, 4 ) .
Unlike acute coronary syndrome, which has many nonspecific and specific plasma or serum markers that may be used to both diagnose and assess the severity of myocardial infarction, no similar established markers exist for patients with stroke. The blood-brain barrier is compromised in many patients with stroke, and the liberation of neurobiochemical protein markers into the circulation may allow the pathophysiology, progress, and prognosis of patients with cerebrovascular disease to be further evaluated (5) (6) (7) (8) . Although increased concentrations of several neurobiochemical protein markers have been detected in the peripheral blood of patients with stroke, to date none has found a place in clinical practice. Circulating DNA in plasma is altered both qualitatively and quantitatively in a variety of conditions, including pregnancy (9 -11 ) , cancer (12, 13 ) , graft rejection (14 ) , and trauma (15 ) . Although the mechanisms by which nucleic acids are released into the circulation are unknown, it is likely that cell death is one major factor (16, 17 ) . As both hemorrhagic and ischemic stroke (18 ) involve cell death and disruption of the blood-brain barrier, we hypothesized that DNA would be liberated into the plasma early after the onset of stroke and might be useful for assessing disease severity and for predicting mortality.
Materials and Methods study design and patients
Approval was obtained from the Institutional Review Board of the Chinese University of Hong Kong to conduct a prospective study investigating the role of plasma DNA in the diagnosis and prognosis of patients presenting with stroke-like syndromes at the Prince of Wales Hospital. The Prince of Wales Hospital is a 1400-bed university hospital, based in the New Territories of Hong Kong, that serves a population of ϳ1 500 000.
Eligible patients Ն18 years of age presenting to the emergency department with a stroke-like syndrome were recruited consecutively into the study. Exclusion criteria included multiple trauma, craniocerebral or cervical trauma, meningitis, encephalitis or other sepsis, hypertensive encephalopathy, intracranial tumor, seizures with persistent neurologic signs (Todd paralysis), Bell palsy, migraine, metabolic disturbances (e.g., hypo-and hyperglycemia), post-cardiac arrest, drug overdose, endocrine disorders (e.g., myxedema), renal failure, psychiatric syndromes, or shock with hypoperfusion. Patients were also excluded if the time from symptom onset to blood sampling was Ͼ24 h. Informed, written consent was obtained either from the patient or a relative in all cases. Twentyfour healthy age-and sex-matched individuals were recruited as controls.
Four groups of operators who undertook the responsibilities of clinical data collection, final clinical outcome determination, neuroimaging interpretation, and analysis of DNA assays were blinded to one other.
data collection, definitions, and diagnostic imaging
Stroke was defined as the acute occurrence of focal neurologic signs lasting for more than 24 h in a different neuroanatomical location from that of any previous stroke, or worsening of an existing deficit that lasted for more than 1 week or more than 24 h if accompanied by a new lesion on neuroimaging (19 ) . Stroke-like syndrome was defined according to the following criteria: (a) the patient had a facial droop, arm drift or weakness, or abnormal speech (compatible with the Cincinnati Prehospital Stroke Scale) (20 ) ; or (b) the patient had an altered level of consciousness with no obvious associated seizures, hyperglycemia, or hypoglycemia (compatible with the Los Angeles Prehospital Stroke Scale (21, 22 ) .
Demographic and previous medical data were collected, including age, sex, symptom onset time, history of previous strokes, seizures, hypertension, diabetes mellitus, ischemic heart disease, atrial fibrillation, hyperlipidemia, smoking, and antithrombotic and other medication. Each patient's previous health was assessed with use of the pre-stroke modified Rankin Scale, a simplified overall assessment of function in which a score of 0 indicates the absence of symptoms and a score of 5 indicates severe disability (23 ) .
To determine the exact nature and cause of the strokelike syndrome, patients received a standard clinical, laboratory, and imaging workup, including cerebral computed axial tomography (CT) 5 without contrast enhancement (24, 25 ) and magnetic resonance imaging (MRI), including a diffusion-weighted MRI study (26 -28 ) . All CT scans were performed with a gradient echo HiSpeed Advantage Unit. Axial 5/5-mm scans were done for the posterior cranial fossa, and 10/10-mm scans were then performed up to the vortex-mix space. MRI scans were performed with a 1.5-Tesla scanner (Sonata; Siemens). The sequences included spin echo, T1 axial [repetition time (TR), 425 ms; time to echo (TE), 14 ms; number of excitation, 2; slice thickness, 5 mm; slice gap, 0.5 mm; 192 ϫ 256 matrix]; turbo spin echo, T2 axial (TR, 2500 ms; TE, 120 ms; number of excitation, 1; slice thickness, 5 mm; slice gap, 0.5 mm; 192 ϫ 256 matrix); and single-shot echo planar imaging diffusion-weighted axial images (TR, 180 ms; TE, 122 ms; slice thickness, 5 mm; matrix, 128 ϫ 128; echo planar imaging factor of 90). Three different diffusion gradients were used, giving b values of 0, 500, and 1000 s/mm 2 . The volume of infarct was measured on both CT films and MRI diffusion scans, whereas the volume of an acute hematoma was measured on CT films and T1-weighted MRI scans. CT (n ϭ 88) and MRI (n ϭ 71) scans were not possible for all cases because some patients were too ill for two scans and some patients had contraindications for MRI.
Patients were classified as having a transient ischemic attack if their symptoms and signs resolved within 24 h. Stroke cases were classified into one of two groups: intracerebral hemorrhage or cerebral infarction. Nonhemorrhagic cases were further classified according to definitions used in the Trial of Org 10172 in Acute Stroke Treatment (TOAST) trial (29 ) .
The severity of stroke was assessed clinically using two methods. The National Institutes of Health Stroke Scale (NIHSS) is a 42-point scale that quantifies neurologic deficit in 11 categories such that normal function with no deficit receives a score of 0 (30 ). The Glasgow Coma Score is a 13-point score that ranges from 3 to 15 and assesses visual, motor, and verbal responses to stimulus such that a normal response receives a score of 15 and 3 indicates severe dysfunction (31 ) .
preparation of plasma dna and real-time pcr
A 10-mL blood sample was withdrawn from the antecubital vein of each patient, collected into tubes containing EDTA, and centrifuged at 1500g for 5 min; plasma was then transferred into plain polypropylene tubes and stored at Ϫ80°C pending further processing.
DNA was extracted from 200-L plasma samples with use of a QIAamp Blood Kit (Qiagen) according to the "blood and body fluid protocol" as recommended by the manufacturer (12 ) . The theoretical and practical aspects of real-time quantitative PCR have been described in detail elsewhere, and the whole process takes ϳ3 h (11, (32) (33) (34) . Plasma DNA was measured by a real-time quantitative PCR assay for the ␤-globin gene, which is present in all nucleated cells of the body (11 ) . The ␤-globin PCR system consists of the amplification primers beta-globin-354F (5Ј-GTG CAC CTG ACT CCT GAG GAG A-3Ј) and beta-globin-455R (5Ј-CCT TGA TAC CAA CCT GCC CAG-3Ј) and a dual-labeled fluorescent PCR probe beta-
, where TAMRA is 6-carboxytetramethylrhodamine]. The PCR probe contained a 3Ј-blocking phosphate group to prevent probe extension during PCR.
When applied to serial dilutions of human genomic DNA, this real-time quantitative ␤-globin PCR assay was able to detect the DNA equivalent from a single cell. The imprecision of this system has been reported previously, with a CV of the threshold cycle of 1.1% (11 ) . The expression of quantitative results as kilogenome-equivalents/L was as described previously (11 ) . One genomeequivalent was defined as the amount of a particular target sequence contained in a single diploid human cell.
outcome
The primary outcome measures were mortality and poststroke modified Rankin Score at 6 months after the onset of symptoms. Other outcome measures included mortality in hospital or within 28 days, whichever was sooner, and loss of quality of life, defined as the 6-month poststroke modified Rankin Score minus the pre-stroke modified Rankin Score.
statistical analysis
Descriptive statistics and data comparison tests ( 2 , Fisher exact, Mann-Whitney, and Kruskal-Wallis tests) were carried out using Statview ® for Windows, Ver. 5.0, Statistical Analysis Software (Abacus Concepts, SAS Institute) as appropriate. Correlations were determined using Spearman rank or Kruskal-Wallis tests, whereas ROC curve analysis was carried out using the MedCalc 5.0 software. Multiple logistic regression analysis using backward stepwise selection procedures to exclude those variables with P values Ͼ0.05 was built, and P values were calculated using the Wald test. The Hosmer and Lemeshow test was used to confirm the goodness of fit.
Results

baseline characteristics
The characteristics of 88 adult patients who were enrolled in the study with a stroke-like syndrome are shown in Table 1 . Although the majority of patients were elderly and had several risk factors for stroke, 71 (81%) had no significant health disability before their acute admission, as assessed using the pre-stroke modified Rankin Score. Six patients died within 28 days of hospital admission and 11 within 6 months. In 11 cases, there were no signs of hemorrhage or infarction on neuroimaging, but persistent clinical features of stroke were present that were unexplained by any other cause. These cases were classified as having had a cerebral infarction. The majority of patients presented within the first few hours of symptom onset. The 24 individuals (mean age, 70 years; 11 males) in the healthy control group did not differ significantly from the patient group in either age (P ϭ 0.23) or sex (P ϭ 0.64).
univariate analysis of plasma dna and other variables with outcome
In the univariate analysis, three variables significantly differentiated patients who died from those who survived at 6 months after presentation: plasma DNA, NIHSS score, and Glasgow Coma Score (Table 2) . Median plasma DNA concentrations taken within the first 3 h of symp- toms were fivefold higher in patients who died than in those who survived (6205 vs 1334 kilogenome-equivalents/L; P ϭ 0.03), whereas the highest single result of 8272 kilogenome-equivalents/L occurred in a patient who later died.
In those patients who presented with a NIHSS score Ͼ8, median plasma DNA concentrations were higher in those who died compared with those patients who survived to 6 months (2273 vs 968 kilogenome-equivalents/L; P ϭ 0.002, Fig. 1) .
The ROC curve analysis comparing the sensitivity and specificity of plasma DNA concentration in the six patients who died within 28 days of hospital admission is shown in Fig. 2 . The area under the curve was 0.89 [95% confidence interval (CI), 0.80 -0.94]. At a plasma DNA cutoff of 1400 kilogenome-equivalents/L, the optimal sensitivity and specificity were 100% (95% CI, 100 -100%) and 74.4% (63.6 -83.4%), respectively. At this cutoff, the odds ratio was 3.9, and the negative predictive value was 100%.
Median plasma DNA concentrations were 30% higher in patients with a 6-month modified post-Rankin Score Ͼ2 compared with patients who scored Յ2 (Table 2 ). In the univariate analysis, NIHSS score, MRI lesion volume, and Glasgow Coma Score also differentiated these two groups of patients.
Plasma DNA concentrations correlated with the Glasgow Coma Score (H ϭ 12.127; P ϭ 0.002, Kruskal-Wallis test), cerebral hemorrhage volume (r ϭ 0.66; P ϭ 0.03, Spearman rank), post-stroke modified Rankin Score (H ϭ 21.808; P ϭ 0.001, Kruskal-Wallis), and quality of life loss (H ϭ 20.696; P ϭ 0.004, Kruskal-Wallis).
logistic regression model for predicting 6-month mortality and modified post-rankin score Ͼ2
All variables from Table 2 were initially entered into the logistic regression model, and the most insignificant variables were removed from the model in stepwise fashion. Table 3 shows the adjusted odds ratios of independent variables for predicting 6-month mortality and a poststroke modified Rankin Score Ͼ2. Lesion volume as measured by CT and plasma DNA concentrations were the only significant variables for predicting 6-month mortality. NIHSS groups Ͼ8 and plasma DNA concentrations were the only significant variables for predicting a 6-month modified post-stroke modified Rankin Score Ͼ2.
For every 460 kilogenome-equivalents/L increase in plasma DNA, the associated increased risk of death within 6 months of stroke was 58.5% (95% CI, 5-239%), whereas for every 1.3-cm 3 increase in lesion volume as determined by CT, the increased risk of death within 6 months of stroke was 14% (3.2-125%). For every 600 kilogenome-equivalents/L increase in plasma DNA, the associated increased risk of a 6-month post-stroke modified Rankin Score Ͼ2 was 82% (0 -331%).
Discussion
This is the first study to show that circulating plasma DNA concentrations, assessed by measuring ␤-globin gene concentrations by real-time PCR, increase in patients in the first 24 h of acute stroke. We have also shown that plasma DNA measurements may be useful for early risk stratification and for predicting in-hospital and 6-month disability and mortality. The greatest differences in Fig. 1 . Plasma DNA concentrations and 6-month mortality in patients presenting with stroke.
Plasma DNA concentrations as determined by real-time quantitative PCR for the ␤-globin gene (y axis) in patients who survived or died within 6 months of presentation (x axis). The lines inside the boxes denote medians; the boxes indicate the interval between the 25th and 75th percentiles. The whiskers denote the interval between the 10th and 90th percentiles. The difference between the groups is statistically significant (P ϭ 0.002, Mann-Whitney test). plasma DNA concentrations between patients with good and poor outcomes occurred within 3 h of the onset of symptoms. Plasma DNA concentrations correlated with stroke severity and may also be useful for risk stratification and for predicting the 6-month modified post-Rankin outcome scores in patients with clinical stroke but negative neuroimaging. A cutoff value of Ն1400 kilogenomeequivalents/L yielded a sensitivity of 100%, a specificity of 74.4%, an odds ratio of 3.9, and a negative predictive value of 100% for determining mortality.
Previous studies have reported increased plasma or serum neurobiochemical markers, e.g., S-100 protein, neuron-specific enolase, and N-acetylaspartate, in the peripheral circulation of patients after stroke but failed to demonstrate that these markers offered any additional advantage over current clinical assessment scales, risk factors, or neuroradiologic techniques (5) (6) (7) (8) . Correlations have been observed between marker values, infarct size, and NIHSS scores, and increased concentrations predict disability and mortality. However, in our study we demonstrated not only that plasma DNA concentrations are increased in patients with stroke and correlate with stroke severity, but also that these concentrations considerably improve our ability to objectively predict mortality and the 6-month post-stroke modified Rankin Score over and above what is offered by current neuroimaging techniques and subjective clinical scoring methods. Plasma DNA does not appear to help differentiate between hemorrhagic stroke and cerebral infarction; thus, any role in guiding therapeutic intervention is currently unclear.
The mechanisms by which circulating cell-free DNA increases after stroke require further study but are likely to be a result of increased liberation from damaged cells. Stroke involves a complicated cascade of events involving cerebral ischemia, altered cerebral blood flow, inflammation, the production of reactive oxygen radicals, neuronal necrosis and apoptosis, and neurologic dysfunction (35) (36) (37) (38) (39) . DNA may be liberated from cells undergoing apoptosis or necrosis, and increased concentrations have been noted in other conditions involving organ, tissue, and cellular injury, such as cancer (12, 13 ) and major trauma (15 ) . Which of these mechanisms are involved in patients with stroke is not known, but cellular ischemia and tissue infarction undoubtedly occur and are associated with disruption of the blood-brain barrier such that increased local liberation of DNA from cells might produce increased systemic plasma concentrations. Although the precise mechanisms of clearance are unknown, it is known that human plasma DNA has an extremely short half-life in the circulation (40 ) , and the rapid kinetics suggest that it may be useful for monitoring disease progress in acute illness involving tissue injury. Because ␤-globin is found in all nuclear cells in the body, we cannot rule out the possibility that other non-cerebral tissue pathologies associated with cell death or DNA release may contribute to increased plasma DNA. Patients with stroke are frequently elderly and are likely to have other preexisting diseases.
Significant positive correlations were observed between plasma DNA concentrations, lesion size, and the post-stroke modified Rankin Score. Multiple factors, time relationships, and small cerebral abnormalities at critical sites may dramatically affect the clinical presentation and outcome, but in general it appears that patients with more dramatic clinical presentations and outcomes had a general trend toward increased plasma DNA concentrations. Plasma DNA concentrations correlated with the hemorrhagic volume, as measured by CT, but not with lesion size as measured by MRI (data not shown). Infarct size measured by MRI was calculated based on diffusionweighted images, which in turn reflect the area of the brain with abnormal water diffusion. MRI therefore shows areas that may be ischemic but not infarcting; consequently, correlations with a marker of cell death, i.e., plasma DNA, may not be evident.
Further studies are required to validate and refine the optimal plasma DNA cutoff values for diagnosis and prognosis, and future work should address relationships with time, plasma DNA kinetics, and morbidity outcomes. Studies on serial samples may allow us to investigate some of the pathologic changes that underlie the progression of stroke, optimize the sampling times, and monitor the effects of treatment.
Technologic advances may further enhance the usefulness of plasma DNA measurement in acute medicine. For example, at present the use of a column-based DNA extraction method and real-time PCR analysis allows plasma DNA results to be available within 3 h of sam- a Logistic regression model using backward stepwise selection procedures was built using variables from Table 2 . Only lesion volume as determined by CT scanning and plasma DNA concentrations were significantly associated with 6-month mortality, whereas only NIHSS group Ͼ8 and plasma DNA concentrations were significantly associated with a post-stroke modified Rankin Score Ͼ2. The Hosmer and Lemeshow goodness-of-fit test was used to confirm that the models fitted the data: mortality, 2 test ϭ 5.432; P ϭ 0.71; post-stroke modified Rankin Score, 2 test ϭ 5.402; P ϭ 0.71.
pling. The recent developments of rapid capillary-based instrumentation for quantitative PCR analysis may allow this time to be reduced further, to 90 min (41 ).
In conclusion, this study is the first to report a DNA-based marker for stroke, and the findings suggest that measuring plasma DNA may be a potentially useful, relatively quick, and noninvasive test for monitoring patients presenting with stroke-like symptoms. A simple DNA test might be used to predict mortality and morbidity and to stratify patients entering into clinical trials. Where CT and/or MRI are either unavailable or yield no obvious acute abnormalities, a plasma DNA test may also help to predict likely mortality or functional outcome.
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